Systematic westerly biases in the southern hemisphere wintertime¯ow and easterly equatorial biases are experienced in the MeÂ teÂ o-France climate model. These biases are found to be much reduced when a simple parameterization is introduced to take into account the vertical momentum transfer through the gravity waves excited by deep convection. These waves are quasi-stationary in the frame of reference moving with convection and they propagate vertically to higher levels in the atmosphere, where they may exert a signi®cant deceleration of the mean¯ow at levels where dissipation occurs. Sixty-day experiments have been performed from a multiyear simulation with the standard 31 levels for a summer and a winter month, and with a T42 horizontal resolution. The impact of this parameterization on the integration of the model is found to be generally positive, with a signi®cant deceleration in the westerly stratospheric jet and with a reduction of the easterly equatorial bias. The sensitivity of the MeÂ teÂ o-France climate model to vertical resolution is also investigated by increasing the number of vertical levels, without moving the top of the model. The vertical resolution is increased up to 41 levels, using two kinds of level distribution. For the ®rst, the increase in vertical resolution concerns especially the troposphere (with 22 levels in the troposphere), and the second treats the whole atmosphere in a homogeneous way (with 15 levels in the troposphere); the standard version of 31 levels has 10 levels in the troposphere. A comparison is made between the dynamical aspects of the simulations. The zonal wind and precipitation are presented and compared for each resolution. A positive impact is found with the ®ner tropospheric resolution on the precipitation in the mid-latitudes and on the westerly stratospheric jet, but the general impact on the model climate is weak, the physical parameterizations used appear to be mostly independent to the vertical resolution.
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Introduction
The study of the present climate and the investigation of the impact of changes in greenhouse gases and stratospheric ozone on the future climate require the development of reliable, comprehensive atmospheric models and the coupling of such atmospheric models with comprehensive ocean models. For realistic numerical simulations many physical and dynamical processes must be included, and a large variety of investigations about model sensitivity and model ability to reproduce observed phenomena have to be performed. The gravity-wave drag eect on the large-scale¯ow is important for the dynamic coupling of the troposphere and stratosphere. An improved understanding and a consideration of the vertical transfer of momentum via waves generated in the troposphere are important for the development of accurate global climate models.
The orographic gravity waves' generation and mechanism are now well understood. Lindzen (1981), Palmer et al. (1986) and McFarlane (1987) showed an improvement by introducing an orographic gravity-wave drag parameterization. They reduce the polar night vortex intensity and have a realistic zonal wind over continents. However, observations of gravity waves in the middle atmosphere (Fritts, 1984) indicate that a large number of gravity waves are not stationary but high-frequency waves, and so display sources other than topographic ones. A large part of them are likely to be excited by convection and are linked to the convective cells. Indeed, in active convective regions (tropics) the cumulus convection involves strong transient vertical motions and behaves like mountains in the environmental horizontal¯ow, thus generating gravity waves. Clark et al. (1986) referred to this as the``obstacle eect''.
They also described a second mechanism of convective gravity-wave generation, the``mechanical oscillator eect'': the interface disruption of two layers with dierent stabilities due to upward and downward oscillation of convective eddies (next to the tropopause) is a source of waves.
Such waves have been observed by aircraft, rockets and reported by Kuettner et al. Hauf and Clark (1989) and Kershaw (1995) . Those studies reveal that the strength of the vertical shear of the horizontal wind determines the waves excitation.
The convective gravity waves generated in the troposphere propagate vertically with westerly (easterly) phase speeds relative to the mean¯ow and transfer westerly (easterly) momentum into the stratosphere when they break, thus in¯uencing the environmental ow through wave drag and diusion. This eect of the drag exerted on the mean¯ow by the gravity waves excited by convection has to be taken into account in atmospheric GCMs. The ®rst purpose of this work is to introduce and to test a new parameterization which vertically transfers momentum induced by these waves (in the upper atmosphere).
Model resolution is also an important aspect for the performance of the simulations, and has been discussed earlier in the literature (Boville, 1991; Hayashi et al., 1989 , and references therein), and illustrated by improvements in simulations (Lindzen and Fox- Rabinovitz, 1989; Mesinger et al., 1990; Warner and Seaman, 1990) . Advances in computer power and development of new observation systems are making it possible to increase resolution in general circulation models (GCMs). These resolution studies may provide some interesting features of the scale dependencies of the model parameterizations.
The work of Boyle (1993) and DeÂ queÂ et al. (1994) on the horizontal resolution showed that the role of the orography is improved by increasing resolution, and so has an impact on the atmospheric circulation above the continents. The main improvements due to horizontal resolution occur in the stratospheric simulation (when the model has sucient vertical resolution) as shown by Kiehl and Williamson (1991) and Boyle (1993) . However, the improvement is not uniform for all aspects of the simulations; Boyle (1993) ®nds some degradation visible from the ®rst 30 days of the simulation: the convective parameterization appears to be resolution dependent in certain regions and is more ecient for a weak horizontal resolution (this impact is also found in the work of DeÂ queÂ et al., 1994) . The dynamic aspects of the circulation are not sensitive to the change in resolution. Although increasing resolution can improve the accuracy of numerical models by decreasing discretization errors, it can also degrade some simulated ®elds by destroying the equilibrium of compensating errors (Houghton et al., 1992) .
The vertical resolution is also important for the numerical simulations eciency, as shown by Palmer et al. (1986) . In an another way, by extending the top of the model up to the stratosphere, Boville and Cheng (1988) found an improvement in the tropospheric-stratospheric simulation, with a reduction of the westerly winds and a warming of the polar lower stratosphere. These eects are due to re¯ection of the vertically propagating wave activity by the upper boundary of the model and in¯uence the mean tropospheric¯ow.
The second purpose of this work is to examine the impact of a smaller spacing of the levels within the model's vertical domain without moving the top of the model. Increasing the number of levels may induce signi®cant changes in the atmospheric circulation and in the troposphere, as found by Williamson (1988) .
We focus in this study on the tropospheric resolution. Indeed, two dierent 41-vertical-level distributions are considered, which in the ®rst case of increased resolution concerns especially the troposphere (with 22 levels in the troposphere), and in the second one the whole atmosphere in an homogeneous way (with 15 levels in the troposphere). The impact of the vertical resolution is compared with the simulation of the standard 31-level version of ARPEGE-Climat (with 10 levels in the troposphere). We focus our analysis on the vertical shape of the general circulation and on the precipitation uxes. Section 2 describes the GCM used and the main bias of the general circulation simulated with the standard 31-level version of ARPEGE-Climat. Section 3 presents the new parameterization of the drag exerted on the mean¯ow by gravity waves excited by convection. Section 4 presents the results obtained with dierent vertical level spacing and their impact on the general circulation. Conclusion and remarks appear in Sect. 5.
Description of the basic GCM
The atmospheric GCM used in this study is a climate version of the model developed from the numerical model ARPEGE used by MeÂ teÂ o-France and ECMWF for operational short-and medium-range forecast. A description of the basic climate version (Version 0) can be found in DeÂ queÂ et al. (1994) . This model is a spectral GCM that can be integrated at various horizontal spectral triangular truncations. The ARPEGE-Climat standard vertical coordinate is a progressive hybrid sigma-pressure coordinate extending from the surface to the mesosphere (80 km). The semi-implicit integration allows for a 15-min time-step for the spectral horizontal resolution of T42. The physical parameterizations are state-of-the-art schemes that can be found in the other GCMs. One original feature of this model is the fact that the ozone concentration is advected and interacts with the rest of the model through the radiative code, and accounts for the photochemical sources and sinks by means of a simple linear scheme. The modi®cations
